Strong inward rectifier K + channels (Kir2.1) mediate background K + currents primarily responsible for maintenance of resting membrane potential. Multiple types of cells exhibit two levels of resting membrane potential. Kir2.1 and K2P1 currents counterbalance, partially accounting for the phenomenon of human cardiomyocytes in subphysiological extracellular K + concentrations or pathological hypokalemic conditions. The mechanism of how Kir2.1 channels contribute to the two levels of resting membrane potential in different types of cells is not well understood. Here we test the hypothesis that Kir2.1 channels set two levels of resting membrane potential with inward rectification. Under hypokalemic conditions, Kir2.1 currents counterbalance HCN2 or HCN4 cation currents in CHO cells that heterologously express both channels, generating N-shaped current-voltage relationships that cross the voltage axis three times and reconstituting two levels of resting membrane potential. Blockade of HCN channels eliminated the phenomenon in K2P1-deficient Kir2.1-expressing human cardiomyocytes derived from induced pluripotent stem cells or CHO cells expressing both Kir2.1 and HCN2 channels. Weakly inward rectifier Kir4.1 or inward rectification-deficient Kir2.1•E224G mutant channels do not set such two levels of resting membrane potential when coexpressed with HCN2 channels in CHO cells or when overexpressed in human cardiomyocytes derived from induced pluripotent stem cells. These findings demonstrate a common mechanism that Kir2.1 channels set two levels of resting membrane potential with inward rectification by balancing inward currents through different cation channels such as hyperpolarization-activated HCN channels or hypokalemia-induced K2P1 leak channels.
Introduction
Strong inward rectifier K + channels (Kir2.1) medicate the I K1 background K + current that is primarily responsible for maintenance of resting membrane potential. Kir2.1 channels contribute to the final repolarization stages of the action potential of cardiomyocytes [14] . Kir2.1 channels exhibit unique strong inward rectification, but the physiological roles of Kir2.1 inward rectification are not well understood.
Multiple types of cells show two levels of resting membrane potential in pathophysiological or physiologically ionic conditions. Subphysiological extracellular K + concentrations ([K + ] o ) occur in pathological hypokalemia during which blood K + concentrations decrease from normal levels of 3.5 to 5.0 mM to hypokalemic conditions of 1.5 to 3.0 mM [26] . Under hypokalemic conditions, human cardiomyocytes [23] , cardiac Purkinje fibers [4, 8, 18, 30] , and skeletal muscle cells [12, 16, 31, 33] spontaneously shift from hyperpolarization at a value close to the K + equilibrium potential of approximately Kuihao Chen and Dongchuan Zuo contributed equally to this work.
* Haijun Chen hchen01@albany.edu − 90 mV to depolarization at a much more positive value than predicted by the Nernst equation for K + and display two stable levels of resting membrane potential. Such unusual electrical behaviors cause cardiac arrhythmia [37] and periodic paralysis [3] .
In physiological [K + ] o , macrophages and osteoclasts exhibit two levels of resting membrane potential [10, 11, 27, 32] . Cardiac Purkinje fibers and osteoclasts show N-shaped current-voltage (I-V) relationships that interact with the voltage axis three times. The first and third zero-current potentials of these shaped I-V relationships determine the two levels of resting membrane potential [8, 32] . Kir2.1 channels are critical for such N-shaped I-V relationships as Kir2.1 conductance is strongly inward rectifying [8, 14] . The types of cells that have two levels of resting membrane potential conduct significant amounts of I K1 or Kir2 currents [8, 10, 32, 33] .
We recently provided evidence supporting that Kir2.1 channels contribute to the two levels of resting membrane potential of human cardiomyocytes derived from induced pluripotent stem cells (iPSC) [39] . Human iPSC-derived cardiomyocytes conduct small Kir2 currents and have a resting membrane potential of around − 60 mV, which is significantly depolarized compared to the approximately − 80 mV of human adult cardiomyocytes [6, 15, 19] . Thus, human iPSC-derived cardiomyocytes are not mature in electrical activity, compared to human adult cardiomyocytes. Enhanced expression of Kir2.1 in human iPSC-derived cardiomyocytes restores mature action potential of human cardiomyocytes [6, 15, 19] . Under pathological hypokalemic conditions, human iPSC-derived cardiomyocytes with enhanced Kir2.1 expression can exhibit two levels of resting membrane potential. In approximately 75% of the Kir2.1-expressing human iPSC-derived cardiomyocytes that show the phenomenon of the two levels of resting membrane potential, Kir2.1 currents counterbalance low [K + ] o -induced leak cation currents through K2P1 two pore-domain K + channels that change dynamically ion selectivity and become nonselective cation channels in subphysiological [K + ] o [22] , accounting for the phenomenon. We found that 18 of 24 of the iPSC-derived cardiomyocytes that showed the phenomenon had relatively large K2P1-like inward Na + currents in 0 mM [K + ] o ; the other six cells did not conduct K2P1-like inward Na + currents. We also demonstrated that inhibition of K2P1 expression reduced the percentage of the iPSC-derived cardiomyocytes that had two levels of resting potential in 2 mM [K + ] o from 35 to 8.8% [39] . In this report, we sought to understand how Kir2.1 channels contribute to the two levels of resting membrane potential in multiple types of cells that may conduct different inward background cation currents. We tested the hypothesis that Kir2.1 channels set the resting membrane potential with inward rectification through a common mechanism: Kir2.1 currents counterbalance inward currents through various types of cation channels, generating the N-shaped I-V relationships with three zero-current potentials. We investigated how Kir2.1 currents counterbalance the inward cation currents rather than low [K + ] o -induced K2P1 leak cation currents and set resting membrane potential. We still focused on inward background cation currents in cardiac Purkinje fibers and human cardiomyocytes, which are influenced by reduction of [K + ] o during pathological hypokalemia. Hyperpolarizationactivated cyclic nucleotide-gated (HCN) nonselective cation channels are not background cation channels, but they conduct inward cation currents in normal resting membrane potential [25] . HCN2 and HCN4 channels are highly expressed in cardiac Purkinje fibers and detected in cardiomyocytes [13, 28] . Reduction of physiological [K + ] o results in a large decrease in HCN current amplitude [2] .
We found that in subphysiological [K + ] o Kir2.1 currents counterbalance HCN2 or HCN4 cation currents, yielding the N-shaped I-V relationships with three zero-current potentials and setting two levels of resting membrane potential in Chinese hamster ovary (CHO) cells that heterologously express both Kir2.1 and HCN channels. Blockade of HCN channels eliminated the phenomenon of the two levels of resting membrane potential of K2P1-deleted, Kir2.1-expressing human iPSC-derived cardiomyocytes or CHO cells expressing both Kir2.1 and HCN channels. Weak inward rectifier Kir4.1 or inward rectification-deficient Kir2.1•E224G mutant channels do not set two levels of resting membrane potential when either co-expressed with HCN2 channels in CHO cells or overexpressed in human iPSC-derived cardiomyocytes. These findings support the hypothesis that Kir2.1 channels set two levels of resting membrane potential in various cell types with strong inward rectification through the same molecular mechanism. Kir2.1 currents are able to counterbalance inward cation currents through various types of cation channels that are gated by different mechanisms, such as hyperpolarization-activated HCN cation currents and low [K + ] o -induced K2P1 leak cation currents, and set two levels of resting membrane potential with strong inward rectification.
Materials and methods

Constructs and adenoviruses
Human HCN2 or HCN4 in pcDNA3 vectors were provided by Dr. Juliane Stieber, University of Erlangen, Germany. Rat Kir4.1 in pcDNA6 vectors were provided by Dr. Stephen Tucker, University of Oxford, UK. Adenovirus construction, purification, and titration were performed by Vector Biolabs. Viral particles of Ad-mCherry-hKir2.1 and Ad-GFP-hK2P1 shRNA #1 were prepared as described previously [39] . Kir2.1•E224G mutant was generated using a QuikChange kit (Stratagene). The inserts encoding hKir2.1•E224G sequences were then subcloned into pDUAL-CCM(−) shuttle vector (Vector BioLabs) through Xho1 and BamH1 sites. The DNA was then cloned into the pAd vectors in which expression of the mCherry reporter gene is driven by a CMV promoter. All constructs were confirmed by automated DNA sequencing. Viral particles of Ad-mCherry-hKir2.1, AdmCherry-hKir2.1•E224G, and Ad-GFP-hK2P1 shRNA #1 were obtained at concentrations on the order of 10 10 plaqueforming units (PFU)/ml. mCherry and GFP allowed identification of transduced cells. Viral particles were diluted 100-fold with DMEM media, aliquoted, and stored at − 80°C.
Cell culture, transduction, and transfection CHO cells were cultured as previously reported [22] . Briefly, CHO cells were maintained in DMEM supplemented with 10% fetal calf serum in a 5% CO 2 incubator. CHO cells were seeded on glass cover slips in 35-mm dishes 24 h before transfection. Cells at 60 to 80% confluence were transfected with Lipofectamine 2000 (Invitrogen); 1 μg of human HCN2 plasmid alone, human HCN4 plasmid alone, rat Kir4.1 plasmid alone, both Kir2.1 and HCN2 plasmids, both Kir2.1 and HCN4 plasmids, both Kir4.1 and HCN2 plasmids, and both Kir2.1•E224G and HCN2 plasmids were used. When two types of plasmids were used, the ratio was 1:1. Coexpression of GFP was used to identify effectively transfected cells.
Culture of human iPSC-derived cardiomyocytes (CMC-100-110-001, Cell Dynamic International) was described previously in detail [39] . Briefly, human iPSC-derived cardiomyocytes were cultured in a 37°C, 5% CO 2 incubator according to the vendor's instructions and transduced on days 8 to 20 of culture with indicated adenoviral particles. Electrophysiological recordings were performed 48 h later after adenoviral transduction.
Electrophysiology
Recordings of membrane potentials and whole-cell ramp currents were performed with the EPC-10 USB amplifier and a Dell 745 computer with PatchMaster software (HEKA Elektronik), and data were analyzed as described previously [39] . Briefly, recordings were performed at a sampled rate of 2 kHz. Patch pipettes with resistances of 2.0 to 3.5 MΩ were used. Series resistances were smaller than 10 MΩ. The resistance was compensated at least 80% to minimize voltage errors. Whole-cell ramp currents were recorded with a standard 2.2-s voltage ramp from − 140 to + 80 mV each 15 s with voltage-clamp techniques. Membrane potentials were continuously recorded with whole-cell current-clamp techniques during changes of bath solutions. Holding potential was − 80 mV to measure whole-cell currents of CHO cells that heterologously expressed Kir2.1 alone or both Kir2.1 (Kir4.1 or Kir2.1•E224G) and HCN2 channels and of human iPSCderived cardiomyocytes. Holding potential was − 20 mV to measure whole-cell currents of CHO cells that heterologously expres sed HCN2 or HCN4 channels alone. Electrophysiological data were analyzed with FitMaster (HEKA Elektronik), IGOR Pro (WaveMetrics), and Excel (Microsoft). All data are presented as means ± SEM. Twotailed Student's t tests were used to evaluate significance of differences between two groups of data.
For electrophysiological recordings in CHO cells, the pipette solution contained 140 mM KCl, 1 mM MgCl 2 , 10 mM EGTA, 1 mM K 2 -ATP, and 5 mM HEPES (pH 7.4), and the bath solution contained 135 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 15 mM glucose, and 10 mM HEPES (pH 7.4). For electrophysiological recordings in human iPSCderived cardiomyocytes, the pipette solution contained 20 mM KCl, 120 mM K-aspartate, 1 mM MgCl 2 , 5 mM Na 2 -ATP, 0.5 mM Na 2 -GTP, 10 mM EGTA, and 5 mM HEPES (pH 7.4), and the bath solution contained 140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, and 10 mM HEPES (pH 7.4). The total concentration of Na + and K + in bath solutions was constant, so Na 
Results
Kir2.1 and HCN channels reconstitute two levels of resting membrane potential
We first studied how human Kir2.1, HCN2, or HCN4 channels maintain resting membrane potential when heterologously expressed in CHO cells in response to changes of [K + ] o from 5 to 2 mM, which occurs under severe hypokalemia [26] . CHO cells heterologously expressing Kir2.1 channels alone hyperpolarized from − 74.0 ± 0.7 to − 97.2 ± 1.0 mV (n = 9), so the resting membrane potentials were consistent with Kir2.1 reversal potential (Fig. 1a) . Kir2.1 channels maintained resting membrane potential as predicted by the Nernst equation for K + . In contrast, CHO cells that expressed either HCN2 or HCN4 channels alone did not dramatically change resting membrane potential (− 25.0 ± 1.6 vs. − 26.0 ± 1.5 mV, n = 5 for HCN2; − 22.1 ± 1.7 vs. − 23.8 ± 1.8 mV, n = 5 for HCN4) when [K + ] o was decreased (Fig. 1b, c) + currents dominated at voltages that Kir2.1 conductance has a negative slope, the CHO cells remained on stable hyperpolarization of − 97.2 ± 0.8 mV (n = 33), consistent with reversal potentials (− 95.9 ± 1.8 mV, n = 12) of their whole-cell ramp currents. Blockade of Kir2.1 currents confirmed that this population of the cells had very small HCN2 currents (Fig. 2a) .
When Kir2.1 currents did not dominantly maintain a stable hyperpolarized resting membrane potential, the CHO cells exhibited two types of resting membrane potential behaviors in phase 2. The first population of cells recapitulated the classical two stable levels of resting membrane potential observed in cardiac Purkinje fibers and human cardiomyocytes [4, 23] and permanently switched from hyperpolarization of − 89.0 ± 1.5 mV to depolarization of − 16.4 ± 1.5 mV (n = 30) in an allor-none way (Fig. 2b , top row). Application of 30 μM ivabradine, a specific blocker for HCN channels, switched the depolarization back to hyperpolarization until washout of ivabradine ( of resting membrane potential. The initial transition from hyperpolarization to depolarization was ignited either before or after maximal hyperpolarization was reached in phase 1.
These two groups of cells also recapitulated the N-shaped I-V relationships that are observed in cardiac Purkinje fibers [8] . The first population mainly showed Ba^type N-shaped whole-cell ramp currents that intersected with the voltage axis three times. The first and third zero-current potentials (− 90.7 ± 2.5 and − 16.1 ± 2.3 mV, n = 8) of the N-shaped I-V relationships determined the two levels of resting membrane potential. In fact, linear combinations of Kir2.1 and K2P1 ramp currents, which were individually recorded in CHO cells in ] o , generated N-shaped I-V relationships that have three zero-current potentials (Fig. 2b , purple dash line in second row). When whole-cell currents were recorded each 15 s, these cells also simultaneously or separately displayed Bb^type whole-cell ramp currents with a reversal potential of − 16.9 ± 3.7 mV (n = 6), comparable to the third zero-current potential of the N-shaped ramp currents. Sequential applications of Kir2.1 and HCN2 channel blockers confirmed that this population of the cells had very small HCN2 currents (Fig. 2b, second, third, and fourth rows) . The second subgroup showed not only Ba^type N-shaped ramp currents with the first and third zero-current potentials of − 93.7 ± 1.7 and − 19.3 ± 2.4 mV (n = 13), respectively, and Bb^type currents with a reversal potential of − 16.5 ± 2.0 mV (n = 5) but also Bc^type currents with a reversal potential (− 99.0 ± 2.3 mV, n = 5) that matches the first zero-current potentials of the Nshaped ramp currents (Fig. 2c, second , third, and fourth rows) during recordings of whole-cell currents each 15 s. The same cells in this second population often dynamically displayed all three types of whole-cell currents, consistent with their fluctuating resting membrane potential. These dynamic currents may reflect resting membrane potential that spontaneously fluctuated between the two levels or that remained depolarized or hyperpolarized. Since such dynamic changes of whole-cell currents were also observed in CHO cells that express Kir2.1 and K2P1 channels in subphysiological [K + ] o [39] and K2P1 leak channels activate without time dependence [38] , slow activation kinetics of HCN2 channels should not be determinants of such dynamic changes of currents. Very small HCN2 currents were isolated in these two populations of cells. The HCN2 current amplitudes were much larger than those found in the cells that did not show two levels of resting membrane potential (Fig. 2a-c, third row) . Since Kir2.1 currents were similar among these three populations of the CHO cells by analysis of both resting membrane potential and whole-cell currents at − 120 mV in 5 mM ] o , the first subgroup still had I K1 -like whole-cell currents with a reversal potential of − 96.3 ± 0.9 mV (n = 19; Fig. 3a,  second row) ; the second subgroup exhibited Ba^and/or Bbt ypes of whole-cell ramp currents; the third dynamically exhibited Ba,^Bb,^and Bc^types of whole-cell ramp currents. The first and third zero-current potentials of the Ba^type Nshaped whole-cell ramp currents matched the two levels of resting membrane potential (Fig. 3b , c, second and fourth rows). Small HCN4 currents were isolated in these three populations of cells. The HCN4 current amplitudes were much larger in the cells that had two levels of resting membrane potential than in the cells that did not show the phenomenon (Fig. 3a-c, third row) , confirming that relative levels of Kir2.1 and HCN4 currents determined different behaviors in resting membrane potential in 2 mM [K + ] o among the three populations of the cells. These results are consistent with those that were observed in CHO cells expressing either both Kir2.1 and HCN2 channels or both Kir2.1 and K2P1 channels [39] and indicate that Kir2.1 currents counterbalance these cation currents through the same mechanism, even though K2P1 and HCN cation channels are gated by different mechanisms.
HCN channels contribute to two levels of resting membrane potential in human iPSC-derived cardiomyocytes with enhanced Kir2.1 expression
We next studied the contribution of HCN channels to two levels of resting membrane potential in human iPSC-derived cardiomyocytes that are engineered to express Kir2. 1 [39] . Since human iPSC-derived cardiomyocytes express HCN channels [21] , we inhibited K2P1 expression by transduction of the iPSC-derived cardiomyocytes with a previously validated K2P1-specific shRNA #1 [22, 39] and examined whether small HCN currents contribute to the inward cation currents in the remaining 25% of the Kir2.1-expressing iPSC-derived cardiomyocytes cells showing the phenomenon; 8.8% of Kir2.1-expressing human iPSC-derived cardiomyocytes that expressed K2P1-specific shRNA #1 had two levels of resting membrane potential in 2 mM [K + ] o [39] . These K2P1-deficient, Kir2.1-expressing iPSC-derived cardiomyocytes either spontaneously shifted from − 87.7 ± 2.4 to − 19.4 ± 2.5 mV (n = 11; Fig. 4a ) or fluctuated between − 95.1 ± 1.8 and − 21.0 ± 1.3 mV (n = 35; Fig. 4b ). They exhibited dynamically three types of whole-cell currents including Ba^type Nshaped whole-cell ramp currents with three zero-current potentials. The first and third zero-current potentials (− 93.4 ± 2.8 mV; − 23.1 ± 1.5 mV, n = 20) of the N-shaped whole-cell ramp currents matched the two levels of resting membrane potential (Fig. 4c) . As expected, these cells conducted very small K2P1-like inward leak Na + currents in 0 mM [K + ] o , and the inward leak Na + current at − 80 mV is − 80 ± 19 pA (n = 8), much smaller than that in the cardiomyocytes that were not treated with K2P1-targeted siRNA and had two levels of resting membrane potential (Fig. 4d) .
Application of 30 μM ivabradine reversibly eliminated fluctuation of resting membrane potential between two Fig. 4e ). HCN currents were identified in this population of cardiomyocytes (Fig. 4f) . Interestingly, application of 30 μM ivabradine had no effect on the subpopulation of the K2P1-deficient, Kir2.1-expressing iPSC-derived cardiomyocytes that showed classical depolarization of two stable levels of resting membrane potential in 2 mM [K + ] o . Three possibilities may explain this result: First, the small inward currents may suffice to balance Kir2 currents, setting two stable levels of resting membrane potential. Second, ivabradine might not completely block HCN currents or K2P1 inhibition might be not efficient enough to eliminate K2P1 currents. Third, inward cation currents other than K2P1 and HCN might account for this behavior. Previous reports actually suggest that inward Ca 2+ flux may contribute to the two levels of resting membrane potential of cardiac Purkinje fibers in K + -free and Na + -free bath solutions [35] . These results indicate that HCN currents contribute to the two levels of resting membrane potential observed in K2P1-deficient, Kir2.1-expressing human iPSC-derived cardiomyocytes. Kir2.1 inward rectification is required for two levels of resting membrane potential Kir2.1 channels show strongly inward rectifying I-V relationships, unlike the other members in the subfamily of Kir channels [14] . We hypothesize that Kir2.1 inward rectification is essential for maintenance of two levels of resting membrane potential, because Kir2.1 inward rectification contributes to the Nshaped I-V relationships observed in cardiac Purkinje fibers [8] and CHO cells expressing Kir2.1 and HCN2, HCN4, or K2P1 [39] . We tested this hypothesis by analyses of two additional Kir channels, Kir4.1 channels and Kir2.1•E224G mutant channels. Kir4.1 channels exhibit intermediate inward rectification [14] , and the Kir2.1•E224G mutation induces complete loss of inward rectification of Kir2.1 channels [17, 36] . When heterologously expressed in CHO cells, Kir4.1 and Kir2.1•E224G mutant channels maintain one stable resting membrane potential in 5 or 2 mM [K + ] o , comparable to their reversal potentials, respectively. Kir4.1 channels showed intermediate inward rectification and Kir2.1•E224G mutation channels were inward rectification deficient (Fig. 5a, b) .
] o , all tested CHO cells that expressed both Kir4.1 and HCN2 channels had one stable resting membrane potential between their reversal potentials, and the resting membrane potential was dependent on the relative expression levels of the two channels. To mimic the same conditions used for the study of CHO cells expressing both Kir2.1 and HCN2, we focused on the CHO cells that had resting membrane potential of − 71.6 ± 1.0 mV (n = 9) in 5 mM ] o was reduced to 2 mM, the cells simply hyperpolarized to − 92.3 ± 0.9 mV (n = 9) and had whole-cell ramp currents with a reversal potential of − 89.9 ± 0.9 mV (n = 11; Fig. 5c ). Sequential applications of Kir4.1 and HCN2 blockers confirmed that whole-cell ramp currents resulted from Kir4.1 and HCN2 ramp currents. As expected, small HCN2 ramp currents were isolated. The HCN2 current amplitude at − 100 mV was − 71.5 ± 19.8 pA (n = 4).
We investigated directly the impact of Kir2.1 inward rectification on the resting membrane potential by employing inward rectification-deficient Kir2. (Fig. 5d) , matching reversal potential of their whole-cell currents at − 91.2 ± 0.6 mV (n = 10). Small HCN2 ramp currents were isolated and the HCN2 current amplitude at − 100 mV was − 97.9 ± 25.4 pA (n = 5). Three sets of data excluded the possibility that Kir4.1 or Kir2.1 Kir2.1•E224G currents were absolutely dominant so the cells expressing HCN2 and Kir4.1 or Kir2.1•E224G did not show two levels of resting membrane potential. These cells had resting membrane potentials of − 71 mV in 5 mM [K + ] o , more positive than the resting membrane potentials at − 74 mVof the studied CHO cells with Kir2.1 and HCN2 channels, which showed the phenomenon. Second, the HCN2 currents recorded in cells expressing HCN2 and Kir4.1 or Kir2.1•E224G were comparable to those found in CHO cells that expressed Kir2.1 and HCN2 and had two levels of resting membrane potential. Third, in 5 mM [K + ] o , these cells had whole-cell currents at − 120 mV of − 1.7 ± 0.4 nA (n = 8) and − 2.5 ± 0.3 nA (n = 12), respectively, compared to − 3.5 ± 0.4 nA (n = 27) in the cells with Kir2.1 and HCN2 channels.
We next studied human iPSC-derived cardiomyocytes, which were transduced with Kir2.1•E224G mutant channel adenoviral particles, and analyzed their resting membrane potentials and background currents, because human iPSC-derived cardiomyocytes with enhanced expression of Kir2.1 channels can show two levels of resting membrane potential and have Nshaped whole-cell ramp currents with three zero-current potentials in 2 mM [K + ] o (Fig. 6a) . In response to lowering [K + ] o from 5.4 to 2 mM, the majority of human iPSC-derived cardiomyocytes with overexpression of Kir2.1•E224G mutant channels simply hyperpolarized from − 73.4 ± 0.4 to − 99.1 ± 0.6 mV (n = 46), but a small fraction of the cells hyperpolarized to − 94.3 ± 1.5 mV (n = 9) in phase 1 and then slowly shifted to − 86.9 ± 2.7 mV in phase 2 (Fig. 6b) . Small and slow depolarization in this subset of human iPSC-derived cardiomyocytes might result from K2P1 channels that slowly change ion selectivity and conduct inward cation currents in 2 mM [K + ] o [22] . None of the analyzed human iPSC-derived cardiomyocytes that express Kir2.1•E224G mutant channels exhibited two levels of resting membrane potential, compared to 35% of human iPSC-derived cardiomyocytes that express Kir2.1 channels (Fig. 6c) . These results are consistent with the results obtained in CHO cells that express both Kir2.1•E224G and HCN2 channels. These experiments showed that Kir2.1 channels set two levels of resting membrane potential of the iPSCderived cardiomyocytes with inward rectification.
Discussion
Kir2.1 channels set two levels of resting membrane potential through a common mechanism
In this report, we showed that Kir2.1 currents counterbalance hyperpolarization-activated HCN2 or HCN4 cation currents in subphysiological [K + ] o , generating the N-shaped I-V relationships with three zero-current potentials and setting two levels of resting membrane potential in CHO cells that express these channels. Our previous studies indicated that Kir2.1 currents counterbalance low [K + ] o -induced K2P1 leak cation currents, producing the phenomenon through a similar mechanism [39] .
Thus, Kir2.1 channels primarily set the two levels of resting membrane potential although Kir2.1 currents balance inward currents through different cation channels. Interestingly, very small HCN2 or HCN4 currents suffice to counterbalance Kir2.1 currents, reconstituting the phenomenon of the two levels of resting membrane potential. Kir2.1 channels actually magnify depolarizing effects of small inward currents on resting membrane potential. Second, our previous studies show that Kir2.1 [8, 18, 30] . The second type is similar to the fluctuation of resting membrane potential between the two levels with various patterns, which was observed in macrophages and osteoclasts [10, 11, 27, 32] [4, 23, 34] rather than the stable depolarization of approximately -20 mV, which we observed in Kir2.1-expressing human iPSC-derived cardiomyocytes and CHO cells that express both Kir2.1 and HCN channels. In addition to the difference in experimental conditions, small endogenous inward cation current in transfected CHO cells may affect the third zero-current potential of the N-shaped currents, accounting for such a difference; voltage-gated K + channels such as I Ks [5] and I Kr in human adult cardiomyocytes may also influence the third zero-current potential of the N-shaped currents because these channels are activated at potentials above -35 mV. Finally, as the I K1 background K + currents in these native cells are mediated by homomeric and/or heteromeric Kir2.1/Kir2.x channel complexes [1, 20] , and Kir2.1 channels and the I K1 conductance share the same inward rectifying I-V relationship, we propose that Kir2.1 channels set two levels of resting membrane potential in cardiac Purkinje fibers, human adult cardiomyocytes, macrophages, and osteoclasts through a common mechanism. We hypothesize that I K1 or Kir2.1 currents counterbalance inward currents through various types of cation channels, regardless in physiological or subphysiological [K + ] o , and set two levels of resting membrane potential in various types of cells.
Ionic mechanisms underlying two levels of resting membrane potential
Previous hypotheses assume that Kir2.1 channels close at the depolarized membrane potential so the membrane potential depolarizes due to the remaining active inward currents in the cell [9, 33] , and there must be an net inward current to drive the membrane potential positive at depolarized membrane potential [8] . How does membrane potential initially become depolarized? When normal [K + ] o is reduced into subphysiological levels, Kir2.1 outward currents decrease but resting membrane potential of the cells still hyperpolarizes due to Kir2.1 function. Reduced Kir2.1 currents rebalance small inward cation currents (e.g., HCN2) in the hyperpolarized membrane potential (− 95 mV in this study), producing dynamic changes in I-V relationships including the N-shaped I-V relationship with three zero-current potentials, and causing immediate transitions of resting membrane potential from the hyperpolarization at the first zerocurrent potential into the depolarization at the third zero-current potential which Kir2.1 channels are close because of complete inward rectification. In fact, at the depolarized membrane potential, cation channels such as HCN channels do not conduct active inward currents either.
Roles of Kir2.1 inward rectification in maintenance of resting membrane potential Kir2.1 currents counterbalance K2P1 or HCN or other inward cation currents, generating the N-shaped I-V relationships with three zero-current potentials and setting two levels of resting membrane potential. Kir2.1 inward rectification is essential for both the N-shaped I-V relationships and the two levels of resting membrane potential. Weakly rectifying Kir4.1 or rectificationdeficient Kir2.1•E224G K + currents counterbalance HCN2 cation currents in CHO cells that express these channels, producing stable whole-cell ramp currents with one reversal potential and maintaining a stable resting membrane potential. Second, overexpression of Kir2.1•E224G mutant channels in human iPSCderived cardiomyocytes did not result in N-shaped I-V relationships with three zero-current potential and two levels of resting membrane potential; these cells had one stable hyperpolarized resting membrane potential. In contrast, human iPSC-derived cardiomyocytes engineered to express Kir2.1 could exhibit the N-shaped I-V relationships and two levels of resting membrane potential. Therefore, Kir2.1 channels use strong inward rectification to set two levels of resting membrane potential.
Physiological implications
The findings in this study indicate that the balance between Kir2 and HCN currents results in two levels of resting membrane potential in subphysiological [K + ] o , which occurs under severe hypokalemia. Since Kir2 and HCN channels are highly expressed in cardiac Purkinje fibers, this mechanism likely accounts for the phenomenon of the two levels of resting potentials often observed in cardiac Purkinje fibers [4, 7, 8, 18, 24, 29, 30] . This study demonstrates how Kir2 and HCN channels affect resting membrane potential and impair cardiac excitability during severe hypokalemia, and provides insights into pathological mechanisms of hypokalemia-induced cardiac arrhythmia.
